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Abstract: Nitric oxide (NO) is a unique cellular messenger
linked to a number of important biological processes. Its
free radical nature, small size and fast diffusivity make it
highly reactive and membrane permeable. Unfortunately,
its reactivity, coupled with the inherent complexity of in
situ biological measurements, makes it a challenge to
detect. For the past 20 years, electrochemical methods
have been used to investigate the role of NO in a number
of biological processes, including vascular physiology,
immune response, neuronal mediation, tissue growth
and oxidative stress. This review examines the biologi-
cal applications of electrochemical NO sensors and the
technologies used to elucidate different physiological
phenomena associated with this unique biomolecule with
a specific focus on the developments and innovations
reported in the last 3 years.
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Introduction: biological role of
nitric oxide

Nitric oxide (NO) is a ubiquitous biological mediator that
is involved in a wide range of physiological functions
(Moncada et al., 1991). Historically, this compound was
initially identified as the endothelial-derived relaxing
factor by Furchgott (Khan and Furchgott, 1987), Moncada
(Palmer et al., 1987) and Ignarro (Ignarro et al., 1987). NO
is a product of an enzymatic-catalyzed reaction between
the substrate, L-arginine, and oxygen resulting in the for-
mation of a molecule of NO and a molecule of L-citrulline

(Palmer et al., 1988; Moncada and Higgs, 1993). This reac-
tion is performed by a specific family of enzymes known
as NO synthases (NOSs) (Moncada et al., 1991). There are
three isoforms of NOS: endothelial, neuronal (nNOS) and
inducible (Stuehr, 1999). All of these enzymes are inhibited
by N(G)-nitro-L-arginine methyl ester (L-NAME), an ana-
logue of L-arginine (Rees et al., 1990). Specific inhibitors of
each isoform are commercially available and are routinely
used to highlight the role of a specific NOS isoform.

This review focuses on the electrochemical detection of
NO in biological samples. A variety of reviews have already
been carried out in this field (Bedioui et al., 1996; Malinski
et al., 1996; Bedioui and Villeneuve, 2003; Bedioui et al.,
2010; Privett et al., 2010; Patel, 2011). In this review, the
fundamental principles and challenges associated with
bio-electrochemical sensing of NO are described. Novel
techniques and designs manufactured to mitigate these
challenges are also reviewed. Due to the sheer volume of
published material on this specific topic, an exhaustive
review encompassing the whole field would be excessive.
Instead, the aim of this work is to provide a broad over-
view of the possibilities offered by electrochemical detec-
tion applied to biological studies. A specific focus is given
to studies providing significant and novel understanding
of NO-related biochemistry. Therefore, reports focusing
solely on the electrochemistry of NO, without addressing
its biological relevance, are not specifically considered.
Overall, the potential uses of NO sensors in vascular, neu-
ronal and immune physiologies are reviewed, with a spe-
cific highlight on recent and innovative developments of
the technology published over the past 3 years.

Electrochemical detection of
nitric oxide

In situ detection of NO is often challenging because of the
low levels and short lifetime of this radical in the biological
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environment. The use of the NOS inhibitor, L-NAME, is one
of the simplest ways to show the action of NO in a given
biological system (or pathway), however this method is
often difficult to quantify. The high biological significance
of NO has motivated the development of several methods
of quantitative analytical detection. A large number of
these methods of detection involve fluorescent-based bio-
markers paired with highly sensitive spectroscopic detec-
tion schemes (Archer, 1993; Ye et al., 2008; Hetrick and
Schoenfisch, 2009). For example, diaminofluoresceins
(DAF) have been proposed as selective and quantitative
fluorescent-based NO biomarkers (Kojima et al., 1998; Ye
et al., 2009). Another popular method, the Griess test,
monitors the levels of nitrite, the by-product of NO oxida-
tion (Ignarro et al., 1993; Nims et al., 1996). The oxidation
of the colorless 2,2-azinobis (3-ethylbenzothiazoline-
6-sulfonic acid) (ABTS) to the green ABTS* by NO can
be detected spectrophotometrically (Nims et al., 1996).
Unfortunately, most of these methods are expensive,
time consuming and label-based. Electron paramagnetic
resonance spectrometry has also been used to selectively
detect and quantify NO in vivo after adduction by an iron-
containing complex. This method allows for the in situ
detection of NO in different organs within the same organ-
ism (Yoshimura et al., 1996).

Electrochemical methods are routinely used for bio-
analytical studies. Electrochemical sensors are cheap,
easy to manufacture with bench-top methods, amena-
ble to miniaturization and can be chemically modified
to address a wide range of biochemical questions. These
sensors initiate an electrochemical reaction at the surface
of an electrode. The electrode is held at a potential com-
patible with this reaction and the current produced is
measured. Once processed, this current can be related to
the absolute level of the analyte, or to the variations in its
concentration (Bard and Faulkner, 1980). The reaction
can be controlled by modulating the electrode potential.
The standard experimental procedure, amperometry, uses
a fixed potential. Potentiodynamic methods, where the
input potential is varied, are also applicable to sensing.
The potential waveform can be tuned to improve the
sensors selectivity and stability (Bedioui and Trévin,
1998). Another advantage of electrochemical detection is
its fast acquisition speed, with measurement resolutions
down to a fraction of a millisecond. Most of the electro-
chemical probes are in the range of a few micrometers to
tens of micrometers in size, which is ideally suited for bio-
chemical studies.

Initially, in situ detection of NO via electrochemical
detection was performed using a nickel porphyrin/nafion-
modified carbon fiber microelectrode (Malinski and Taha,

DE GRUYTER

1992). The ‘electrocatalytic’ mechanism of this coating is
still unclear (Ciszewski and Milczarek, 2003). It has been
proposed that this polymer modifies the electrode surface
without interacting with the reaction or improves the
selectivity by changing the redox potential. Furthermore,
the activity of the sensor is unaltered by the absence of
nickel or porphyrin. NO sensors typically monitor NO con-
centration via its one electron oxidation. The reduction
of NO has also been investigated; however this method is
especially challenging due to direct interferences with the
reduction of oxygen.

The ability to selectively detect NO with a high speci-
ficity must be considered when developing and charac-
terizing a sensor. The high chemical complexity of the
biological background raises another challenge to in situ
electrochemical sensing. The analyte of interest, here NO,
is diluted in a biological matrix containing cells, macro-
molecules, salts, dissolved gases and other mediating
molecules. As several of these compounds are electroac-
tive, they can interfere with NO detection. Endogenous
nitrite poses a particular problem to NO detection since
it oxidizes within the same potential range as NO. Selec-
tivity is often achieved by adjusting the potential wave-
form, or more often by coating the sensor with selective
membranes, in particular the polymer nafion (Brown
et al., 2009). The components of the biological matrix
pose another threat to in situ electrochemical detection;
these molecules can potentially inactivate the sensor
by adhering to its surface, thus decreasing its efficacy
and stability. This phenomenon is known as biofouling
(Wisniewski and Reichert, 2000; Wisniewski et al., 2000).
In the specific case of in vivo sensing, false measure-
ments or failure of the sensor can be caused by coagula-
tion, immune response and device encapsulation due to a
foreign body reaction. In these cases, membrane coatings
can mitigate biofouling by preventing the fouling mol-
ecules from interacting with the surface of the sensor or
by improving bio-integration (Mowery et al., 2000; Frost
et al., 2005; Trouillon et al., 2009a,b).

Commercial Clark-type electrodes, typically modified
with a poly(tetrafluoroethylene) (PTFE) membrane, are
available in various sizes, thus allowing for the study of a
wide range of samples, and have been routinely used for
biological studies (Sud et al., 2008; Teng et al., 2008; Yang
et al., 2008). Despite the usefulness and convenience of
NO commercial sensors, this review focuses on the devel-
opment and design of custom NO sensors. Most of the
NO sensors reported are based on modified carbon fiber
microelectrodes (Pontié et al., 2000; Brunet et al., 2003).
These electrodes consist of a section of carbon fiber insu-
lated in a pulled glass capillary and sealed with epoxy. To
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improve their selectivity towards NO, an active layer (such
as platinum black, poly-eugenol, porphyrinic polymers,
or nafion) is deposited on the carbon electrode surface.
Similarly, modified platinum microelectrodes can also
be used (Shin et al., 2008; Park et al., 2009). Other forms
of carbon materials have been investigated, including
nanotubes and nanoparticles (Zheng et al., 2008; Porras
Gutierrezetal.,2009; Deng et al., 2010; Xu et al., 2011; Chng
and Pumera, 2012), graphene and nanosheets of graphite
(Wu et al., 2010; Ng et al., 2011; Chng and Pumera, 2012),
and boron-doped diamond (BDD) electrodes (Patel et al.,
2008b, 2010b; MacEachern et al., 2011). Microfabrication
has also been extensively used to produce NO sensors in
the form of microelectrode arrays (Oni et al., 2004; Chang
et al., 2005; Patel et al., 2008a; Trouillon et al., 2010a,
2012; Quinton et al., 2011) or microfluidic systems with
integrated electrochemical detection (Amatore et al.,
2007; Cha et al., 2010; Gunasekara et al., 2012). The format
of the electrochemical sensor has to be adapted for the
specificities of the biological sample (cell, tissue, living
animal, blood, etc.). Furthermore, the electrochemical
detection of NO by-products, such as nitrite, peroxyni-
trite (Quinton et al., 2011) or S-nitrosothiols (RSNO; Cha
et al., 2005, 2009; Cha and Meyerhoff, 2006; Hwang et al.,
2008), have also been reported.

The remaining sections of this review focus on the
application of bio-electrochemical sensing of NO in the
cases of:

— vascular physiology, tissue growth and angiogenesis;
— neuronal communication; and
- immune response and oxidative stress.

The different methods reviewed in this article to elucidate
NO physiology in specific samples (cells, excised tissue
samples, in vivo, etc.) are summarized in Table 1.

Vascular physiology, tissue growth
and angiogenesis

One of the mainroles of NO invivo is regulating arterial tone
and controlling blood pressure. In this case, the release of
NO is mechanically triggered by shear-stress at the surface
of endothelial cells. The NO released induces the dilation
of the smooth muscles lining the artery wall via soluble
guanylyl cyclase activation (Moncada et al., 1988). The
synthesis of NO can also be induced by angiogenic factors
and is then involved in angiogenesis, tissue growth and
repair (Murohara et al., 1998). NO was reported to inhibit
apoptosis and to increase the permeability of the artery
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wall, thus enabling vascular sprouting and development.
Its role in proliferation and angiogenesis means that NO
has been identified as a central component of carcinogen-
esis and tumor malignancy (Ohshima and Bartsch, 1994).

In vitro cell measurements

In 1997, Bedioui and coworkers reported the electrochemi-
cal detection of NO in cultured human umbilical vein
endothelial cells (HUVEC; Bedioui et al., 1997). In this
work, a carbon fiber microelectrode, modified with elec-
tropolymerized nickel tetrasulfonated phthalocyanine
(NiTSPc) and nafion, was positioned above a layer of
HUVECs. Histamine was used to stimulate the release of
NO from these cells. Cells pre-incubated with a NOS inhib-
itor were not effectively stimulated by histamine. Overall
this experiment demonstrates that electrochemical detec-
tion can successfully detect histamine-induced NO release
in HUVECs.

This strategy of positioning a sensor above a cell mon-
olayer led to the application of scanning electrochemical
microscopy (SECM) in NO detection in vitro. As shown in
Figure 1A, this technique involves scanning an electrode
over the sample. The spatial distribution of NO release or
consumption can therefore be determined. The scanning
nature of this technology allows for the precise position-
ing of the electrode in the three dimensions in space and
enables the precise resolution of the sample’s geometry.
In addition, this technical set-up allows for in situ sensor
preparation, and more specifically as the stage is dis-
placed it allows the electrode to be immersed in different
successive solutions (Pailleret et al., 2003). The electrode
can therefore be reproducibly placed in the vicinity of
the cell, and NO release triggered by bradykinin can be
detected, as shown in Figure 1A.

This technique was later improved by adding a second
electrode to the sensor (Isik et al., 2004). This dual elec-
trode sensor had one large electrode (with a diameter of
50 um) modified with Ni(4-N-tetramethyl) pyridyl porphy-
rin (NiTmPyP) for NO detection, and one small unmodi-
fied distance electrode (with a diameter of 10 um) used to
measure the reduction of molecular oxygen. In this exper-
iment, the reduction of dissolved oxygen was used as a
standard when measuring the position of the electrode.
This feedback signal was used to control the distance
between the sensor and the cell surface. With this tech-
nique, accuracy in the positioning of the sensor can be
achieved down to 5 um from the surface of a single HUVEC.
The dependence of the current measured upon bradykinin
stimulation, indicating the flux of NO released from the
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Biological
system

Electrochemical method or device
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Table1 Summary of the electrochemical methods used for NO sensing in different samples.

cell, over the distance to the cell can be characterized
(Figure 1A). It was later shown that the use of the shear-
force-based constant distance mode of the SECM allowed
the topology of the cell to be resolved and enabled the
positioning of the sensor at its apex. This method enabled

bradykinin.

the quantitative detection of the amount of NO released
after bradykinin stimulation (Isik and Schuhmann, 2006).
The authors report that individual HUVECs release from
1.4 fmol to 10 fmol of NO over 200300 s after exposure to
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Figure1 NO sensing for vascular physiology.

(A) SECM for NO detection at a single HUVEC with (top) a scheme summarizing the principle of SECM, showing an electrode positioned
above the cell, detecting the released NO and (bottom) typical NO oxidation traces obtained for different cell-to-electrode distances (5 um,
10 um, 15 um and 25 um) after bradykinin stimulation of HUVECs (adapted with permission from Isik et al. 2004, © 2004 American Chemical
Society). (B) Electron micrograph (top) of a three-dimensional electrode array, showing a platinum-coated cone partially insulated in Si.,N,
and the principle of the measurements (bottom), with cells grown between the cones (adapted with permission from Isik et al. 2005,

© 2005 Elsevier). (C) Measurement of angiogenin-induced NO release with (top) a scheme of the setup, showing the cells directly on the
fibronectin-coated electrodes and (bottom) a background differential pulse voltammogram performed in the absence of angiogenin (solid
line) compared to a second one performed after 30 min of incubation in the presence of angiogenin (dotted lime) showing the increase in
oxidative current due to the increase in NO levels (adapted from Trouillon et al. 2010a, © 2010 American Chemical Society). (D) Summary of

the angiogenin pathway leading to NO release obtained from microelectrode array experiments (adapted from Trouillon et al. 2011a, © 2011
KSBMB).



22 —— R.Troullon: Biological applications of nitric oxide sensing

Microfabricated devices

Microarrays were also used to detect NO released from
cultured cells. The experimental set-up poses a major
challenge to the technique: since cells are grown directly
on the surface of the device, the electrodes are more sus-
ceptible to fouling. In addition, the continuous potential
applied during amperometry is not conducive to cell via-
bility. This issue was mitigated by shielding the cell from
the electrodes with a layer of biopolymer, such as collagen
(Oni et al., 2004). In this article, bradykinin-induced NO
release in HUVECs was elicited and used to compare three
NO-sensitive electrode coatings. The authors found that
electropolymerized films of NiTSPc were more sensitive
to NO detection compared to pyrrole-substituted manga-
nese porphyrin or NiTmPyP layers. Patel and coworkers
have successfully demonstrated the use of microarrays to
simultaneously monitor NO release and oxygen consump-
tion in fibroblast cells grown in collagen matrices and
activated by growth factors (Patel et al., 2008a).

Although these gel matrices are beneficial, they can
unfortunately be a source of diffusional hindrance. To
overcome this issue, Isik and coworkers designed a three-
dimensional microelectrode array, shown in Figure 1B
(Isik et al., 2005). This array features several cone-
shaped processes with functionalized NO-sensing tips.
This setup ensures that the cells are not directly adhered
to the electrode surface. This platform has been used to
successfully detect NO release in bradykinin-stimulated
HUVECs. HUVECs can also be grown directly on a thinner
of layer poly-l-lysine/poly-styrene-sulfonate. Kamei and
coworkers have used this film on gold surfaces to study
the effects of various pharmaceutical agents on NO release
in HUVECs (Kamei et al., 2004a).

In vivo and ex vivo tissue measurements

For tissue-based investigations, NO sensors have been pre-
pared with platinized platinum electrodes housed behind
a microporous PTFE gas-permeable membrane. Since NO
is deeply involved in kidney physiology, it regulates post-
glomerular perfusion and vascular dynamics. Lee and
coworkers have used these sensors to detect NO in pig
kidney slices (Lee et al., 2004). NO release was evoked by
treating the tissue sections with arginine homopolymers.
As expected, the amount of NO release correlated with the
length of the polymer. This result indicates a fast intracellular
translocation and protease cleavage of these polymers into
arginine, which enhances NO synthesis. Histamine-induced
NO release in perfused pig arteries was used as a model to
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compare the efficacy of different NO sensors (Villeneuve
etal., 1998). The efficacies of a platinum-iridium alloy-coated
electrode and a nickel porphyrin/nafion-coated carbon
fiber electrode have been investigated in tissue. These modi-
fied electrodes are both able to detect NO in tissue, however,
the platinum-iridium sensor did not provide sufficient
selectivity and was very sensitive to nitrites.

Myocardial ischemia, followed by reperfusion of the
tissue, can lead to damages to the tissue. This issue is of
particular relevance to cardiac surgery, and hypother-
mia is usually considered to provide good protection to
the myocardium during heart operations. To get a better
understanding of the processes leading to this cryoprotec-
tion, the levels of NO during ischemia were measured with
an integrated sol-gel-derived NO microsensor inserted
into perfused hearts from rats (Lee et al., 2012). The effect
of hypothermic treatment was investigated. It was found
that during the ischemic period, the NO concentration
decreases overall, but that the tissues that underwent the
hypothermic treatment still release more NO. Promoting
NO formation may therefore be a good candidate in the
prevention of ischemic injury.

In situ sensing of exogenous NO, injected as authen-
tic NO solutions or produced in situ by decomposition of
PAPA-NONOate, was performed in tumor-bearing mice
(Griveau et al., 2007) with chemically-modified platinum/
iridium electrodes. Detection of NO derived from intra-
peritoneally injected nitroglycerin in the tumor of living
mice has also been reported (Griveau et al., 2009). These
experiments indicate the possibility of using electrochem-
ical NO sensing for in vivo studies of carcinogenesis.

Blood, plasma and blood cells

Several vascular pathologies, such as atherosclerosis,
hypertension and diabetes (Hwang et al., 2008) can arise
from the impairment of NO synthesis or release in blood,
thus motivating the design of analytical methods specific
to blood. NO can be stored in the blood as RSNO. Anoma-
lies associated with the conversion of NO to RSNO or vice
versa can lead to pathologies. The detection of this NO pre-
cursor has therefore raised some interest and involves the
use of a modified NO sensor (i.e., a PTFE-modified plati-
num electrode). This device is combined with a NO cata-
lytic generating layer producing NO from RSNO (Cha et al.,
2005, 2009; Cha and Meyerhoff, 2006; Hwang et al., 2008).
Direct detection of these compounds in plasma or whole
blood has been performed as a proof of concept. Recently,
this design was improved by combining the technique with
microfluidics (Huang et al., 2011). Huang and coworkers
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have recently designed a flow injection system that mixes
the plasma samples and a stimulation solution, containing
3-3’dipropionicdiselenide and glutathione. The production
of NO is detected downstream with a NO sensor.

Although collagen does not activate NO production in
adherent cells, platelets are sensitive to collagen, a bio-
marker associated with wounds. From electrochemical
measurements of collagen-induced NO release in plate-
lets, Bedioui and coworkers found that NO synthesis is
independent of the levels of cytosolic calcium (Lantoine
et al., 1995; Bedioui et al., 1997). It is suggested by the
authors that this release mediates thrombus and tissue
growth, as well as local control of the vascular tone.

Recent developments

This section focuses on more recent breakthroughs, par-
ticularly in the past 3 years, which have contributed to
improving the electrochemical detection of NO associated
with vascular physiology, tissue growth and angiogenesis.

For microarray-based detection devices, the develop-
ment and use of fibronectin-coated microelectrode arrays
instead of traditional collagen coated electrodes has
improved NO detection (Figure 1C). Fibronectin was found
to efficiently protect the sensor from protein biofouling
(Trouillon et al., 2009a,b). In addition, the cell viability
issue associated with continuous potential amperometry
was overcome by using two series of differential pulse
voltammograms and comparing their relative variations
(Figure 1C). As a proof of concept, this device was used
to investigate the effect of vascular endothelial growth
factor on NO release (Trouillon et al., 2010b). The study
shows that this growth factor induces NO synthesis via
the phosphatidylinositol-3 (PI-3)/Akt kinase pathway. In a
similar study, another angiogenic factor, angiogenin, was
found to induce NO release via the phosphorylation of the
PI-3/Akt kinase pathway (Trouillon et al., 2010a, 2011a).
This activity was found to be independent of the RNase
activity of angiogenin (Trouillon et al., 2011b), as shown
in Figure 1D. Although the role of the nuclear transloca-
tion of angiogenin in this phenomenon has not yet been
elucidated, these results support the use of simple, micro-
fabricated electrochemical devices for routine biochemi-
cal cell-based assays.

Neuronal mediation

NO is synthesized in neurons (Bredt et al., 1990) and is a
critical factor in neuronal communication (Garthwaite et al.,
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1988). Neurotransmitter release is modulated by nitrergic
neurons via the synthesis of NO (Prast and Philippu, 2001),
thus encouraging the development of specific sensors for
the analysis of NO release in the brain or neuronal samples.

In vitro cell measurements

Bradykinin-stimulated C6 glioma cells have been used as
a neuronal cell model to study NO release. These experi-
ments have been performed on microelectrode arrays
(Figure 2A) coated with a thick layer of biocompatible gels
(Castillo et al., 2005; Wartelle et al., 2005). Wartelle and
coworkers used a carbon electrode modified by electrode-
positing a NiTSPc film to measure NO levels after expo-
sure to bradykinin and after NOS inhibition with L-NAME
(Wartelle et al., 2005). This setup was extended by simul-
taneously measuring NO and glutamate levels after
bradykinin stimulation, as shown in Figure 2B. In this
experimental setup, NO was sensed with a platinized gold
electrode coated with a NiTmPyP layer and glutamate was
monitored with a gold electrode modified with a horserad-
ish peroxidase/glutamate oxidase hydrogel (Castillo et al.,
2005).

Ex vivo measurements in excised tissues

Microelectrode-based NO detection schemes have also
been used to study primary neurons on the single cell
level.

The detection of NO release from neurons in the iso-
lated brain of the pond snail, Lymnaea stagnalis, has been
performed with a poly-eugenol/nafion-modified carbon
fiber microelectrode (Patel et al., 2006). In this study, NO
release was induced by high levels of K* and Ca* from the
cell bodies of two neurons, the B2 buccal motor neuron
and the cerebral giant cell, as shown in Figure 2C. NO
releases in cerebral giant cell from young and old snails
were then compared (Patel et al., 2010a). The time taken
for NO release to reach a steady state increased with age.
This result possibly indicates a hindrance in NOS activity
or scavenging of NO by secondary species during aging.

NO detection has been performed in rat brain slices;
after electrically stimulating the white matter (Shibuki,
1990) or by perfusing N-methyl D-aspartate (NMDA) over
the samples (Ledo et al., 2005). These results demonstrate
the ability to study NO as a mediator in an intact neuronal
network.

It has been suggested that NO is released by neurons
to regulate local blood flow, especially during times of high
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Figure 2 NO sensing for neuronal mediation.

(A) Layout of a microelectrode array showing the carbon working electrodes, and two auxiliary gold electrodes (adapted from Wartelle et al. 2005,
© 2005 Elsevier). (B) Simultaneous detection of NO and glutamate release from Cé glioma cells with a modified microelectrode array (adapted
from Castillo et al. 2005, © 2005 Elsevier). (C) NO release in the pond snail Lymnaea stagnalis in (top) a B2 cell from a young snail, where NO
release is evoked by high levels of K* and Ca?, thus leading to an increase in the measured current, which is then abolished by L-NAME and
(bottom) in a B2 cell and a cerebral giant cell, showing that the B2 neuron releases more NO than the cerebral giant cell (adapted with permission
from Patel et al. 2006, © 2006 American Chemical Society). (D) NO release from the excised guinea pig enteric wall triggered by 20 s perfusions of
1mm nicotine (indicated by the gray bars) showing the scavenging of NO with myoglobin or inhibition of NO release with tetrodotoxin or N-nitro-L-
arginine (adapted from Patel et al. 2008b, © 2008 Blackwell Publishing). (E) SECM setup used for the in vivo spatial detection of NO, showing the
moving stage and a diagram of the nanopore electrode (adapted from Jo et al. 2011b, © 2011 American Chemical Society). (F) Typical X-Y map of
NO release at the surface of a mouse brain obtained with SECM (left) and corresponding confocal nNOS images (right) showing that NO release is
correlated with the presence of nNOS containing cells (adapted from Jo et al. 2011b, © 2011 American Chemical Society).
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neural activity, which induces high metabolic demands.
This phenomenon, known as functional hyperemia, has
been observed with platinized carbon fiber microelec-
trodes in rat cerebellar slices (Amatore et al., 2006a). In
this case, NO release was triggered by doping the culture
media with NMDA. This method was specifically imple-
mented in order to deconvolute the glutaminergic pathway
leading to the neuronal control of microvascular tone
(Rancillac et al., 2006). Both glutamate and NMDA induced
NO release, as indicated by the increase in oxidative
current measured by the sensor. However, glutamate con-
stricted the surrounding vasculature while NMDA dilates
this same tissue. These results indicate that cerebellar stel-
late and Purkinje cells can respectively dilate or constrict
microvessels, thus stressing the control of neurons over its
neighboring vasculature.

Neuronal mediation in the gastrointestinal
tract

Several innovations have recently been reported in neu-
ronal-based investigations dealing with intestinal tissue
samples. In the neuronal control of the gut, NO inhibits
gastrointestinal motility by relaxing the muscle layers, but
its exact role has not been fully elucidated. One of these
innovations is the use of BDD electrodes. BDDs have been
shown to be effective at detecting NO in freshly excised
sections of ileum from guinea pigs and colon from mice.
Advantageously, these electrodes have a high resistance
to protein and neurotransmitter fouling (Trouillon and
O’Hare, 2010; Trouillon et al., 2011c).

The first study using BDD electrodes for the study of
NO release from the gastrointestinal tract demonstrated
NO detection in longitudinal muscle myenteric plexus and
circular muscle strip preparations (Patel et al., 2008b). In
this study, NO was determined to be the molecule sensed
because the detected signal disappeared when the elec-
trode potential was decreased to 750 mV, a potential well
below that required to oxidize NO. Pharmacologically-
based treatments (i.e., NOS inhibitor L-NNA and the NO
scavenger myoglobin) were tested to confirm that the
analyte detected was indeed NO, as shown in Figure 2D.
The ion channel antagonist tetrodotoxin blocked all NO
release from the ileum. This highlights the role of ion
channels and the neuronal control of NO release in the
gut. In an age-based study, it was found that the longitu-
dinal muscle myenteric plexus in a neonatal guinea pig
released more NO compared to the same sample tissue in
the adult guinea pig. The high density of NOS-containing
neurons in the young ileum is believed to contribute to
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this result (Patel et al., 2010b). Recently, it has been sug-
gested that NO release from neurons and enteric glia can
be triggered by nicotinic signaling to regulate epithelial
ion transport in segments of mouse colon (MacEachern
et al., 2011).

Recent developments

In the past 3 years, studies have reported the heterogene-
ity of NO release and diffusion in the brain. These studies
were performed in vivo in the rat using an o-phenylene-
diamine/nafion-modified carbon fiber microelectrode. It
appears that the diffusivity of NO is heterogeneous over
the volume of the brain. The authors suggest that lipid-
rich structures in various regions of the brain can facili-
tate NO diffusion (Santos et al., 2011).

The same sensor was used to study in vivo the dynam-
ics of NO release after glutaminergic neuronal activation
in the hippocampus (Lourenco et al., 2011). By using a
cytochrome c modified-conducting polymer, Koh and
coworkers designed a microelectrode for in vivo measure-
ments of NO in the rat brain (Koh et al., 2008). Using this
device, the authors reported that repeated injection of
cocaine led to higher NO levels in the striatum via a NMDA
receptor-evoked Ca? influx triggered by D1 receptor stimu-
lation (Lee et al., 2010).

Recently, in vivo scanning electrochemical detec-
tion of NO in the brain has been reported. In this study,
a porous platinum nanoelectrode was inserted into the
brain of an anesthetized mouse. NO levels were measured
as a function of depth, as the electrode was advanced
into the brain tissue until it reached the hippocampus (Jo
et al., 2011a). The concentration of NO increased as the
sensor was pushed deeper into the hippocampus. SECM
was also performed with this electrode at the surface of
a living mouse cortex, as shown in Figure 2E (Jo et al.,
2011b). Immunohistochemical assays for nNOS revealed
a correlation between NO release and nNOS-containing
cells (Figure 2F). This research demonstrates the method’s
ability to precisely map NO release in vivo, particularly in
the brain.

Immune response and oxidative
stress
NO is also a critical component of immune response,

inflammation and oxidative stress. Due to the radical
nature of NO, high levels of NO can be cytotoxic (Kréncke
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et al., 1997). During immune response, NO is co-released
with superoxide O;. The combination of these two species
is responsible for forming extremely cytotoxic com-
pounds, such as peroxynitrite. Peroxynitrous acid, the
acid conjugate of peroxynitrite, has also been found to be
involved in lipid peroxidation (Radi et al., 1991). This phe-
nomenon is known as oxidative stress. Oxidative stress
is particularly relevant to electrochemical detection,
since most of the reactive nitrogen and oxygen species
(RNS and ROS, respectively) involved in the process are
electroactive.

In vitro single cell experiments

Oxidative stress has been studied at the single cell level,
by forming an artificial synapse between the cell and the
electrode (Amatore et al., 2000). In this process, a plati-
nized carbon fiber microelectrode is positioned above the
surface of the cell. There are various methods for stimu-
lating oxidative stress. For example, it has been induced
in macrophages, fibroblasts or osteosarcoma cells by
mechanical stimulation with a glass pipette, as shown
in Figure 3A (Amatore et al., 2006b, 2008b; Hu et al.,
2010). The pipette punctures the cell membrane, thus
depolarizing it and triggering the co-release of NO and
0;. These species then react with each other to produce a
toxic mixture of ROS and RNS. The oxidative signature of
peroxynitrite can be observed with this system (Amatore
et al., 2001).

Immunostimulants such as interferon-y and lipopol-
ysaccharides are also used to induce oxidative stress
(Amatore et al., 2008c). Interferon-y-stimulated mac-
rophages were used as a model for NO release, and the
effect of the presence of background species on the diffu-
sion of NO was studied (Porterfield et al., 2001). In complex
biological systems there are a number of species that may
interfere with the detection of NO. It has been shown that
lipids or proteins, like bovine serum albumin, seriously
hindered NO diffusion while small molecules, such as glu-
tathione, did not. This report, in agreement with others
(Santos et al., 2011), indicates that macromolecules and
tissue structure can alter the diffusivity of NO.

The various components of the cytotoxic cocktail
released by a cell were detected based on their different
oxidation potentials (Figure 3B). It is therefore possible to
estimate the chemical composition of the oxidative burst,
and then to calculate the relative amounts of NO and O,
released by the cell, as shown in Figures 3C and 4.

This method has been used to disentangle the effect
of drugs or pathologies on the relative amounts of ROS
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and RNS released during oxidative stress. It has been
shown that osteosarcoma cells release higher levels of
NO (Hu et al., 2010), thus leading to the formation of dis-
eased bones. In contrast, cancer-prone xeroderma pig-
mentosum fibroblasts synthesize less NO compared to the
amount of O; released (Arbault et al., 2004). It was also
reported that, in PLB-985 cells, NOS can provide a pseudo-
NADPH oxidase activity in cells deprived of this enzyme
(Verchier et al., 2007). Finally the effect of ascorbic acid
on the release of NO was investigated, and the pro-oxidant
ability of ascorbic acid in RAW 264.7 macrophages, at low
concentrations, was observed (Amatore et al., 2008a).

The spatial distribution of RNS and ROS release sites
across the surface of a mechanically-stimulated fibroblast
was achieved using electrochemical sensors to triangu-
late their positions (Amatore et al., 2008b). RNS and ROS
release was limited to a 15 um radius region around the
puncture site. These regions experience localized mem-
brane depolarization that induces spatially-limited ionic
currents, and therefore RNS and ROS release.

In vitro measurements from a population of
cells

Integrated NO sensors have been used to investigate NO
release. These sensors offer the advantage of having a
complete electrochemical setup in a single device. Using
an integrated NO sensor, Pereira-Rodrigues and cowork-
ers measured the release of NO in a population of cul-
tured cells (Pereira-Rodrigues et al., 2006). This particu-
lar system has also been used to study NO release after
stimulating human U937 promonocytic cells with phorbol
myristate acetate. Similarly, a porphyrinic NO sensor was
able to measure NO release induced by lipopolysaccha-
rides in RAW 264.7 macrophages in real-time (Pekarova
et al., 2009).

Microfabricated systems

Microfabricated devices have also been successfully
used. Kamei and coworkers have studied NO release in
lipopolysaccharide and interferon-y-stimulated RAW
264.7 macrophages cultured on a polyion-coated gold
microelectrode array (Kamei et al., 2004b).

Simultaneous detection of NO and other electrochemi-
cal active species can be achieved with the help of microfab-
ricated devices. Chang and coworkers have demonstrated
this by simultaneously detecting NO and O; released from
phorbol myristate acetate-stimulated A172 glioblastoma
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Figure 3 NO sensing forimmune response and oxidative stress.

(A) Setup for mechanical stimulation of a single macrophage showing (top) the principle of the experiment where a platinized electrode is
held over a single macrophage, and the different components of the system before (middle) and after (bottom) positioning the electrode
and the stimulating pipette over the cell (scale bar: 10 um, adapted with permission from Amatore et al. 2006b, © 2006 Wiley-VCH).

(B) Typical responses from mechanically-stimulated single macrophages for different electrode potentials, thus allowing quantification
of the different species released by the cell (adapted with permission from Amatore et al. 2006b, © 2006 Wiley-VCH). (C) Reconstructed
steady-state voltammograms from time-current responses obtained from mechanically-stimulated single macrophage for different
electrode potentials (each data point corresponds to 30-40 individual responses), compared to the voltammograms obtained in vitro
with the same microelectrodes for solutions of 1.2 mm H,0, and 2.4 mm peroxynitrite ONOO" in phosphate-buffered saline (PBS) (adapted
with permission from Amatore et al. 2006b, © 2006 Wiley-VCH). (D) Intracellular detection of RNS and ROS was performed inside a single
macrophage (scale bar: 5 um), and the levels of RNS and ROS were simultaneously measured inside and outside the cell (adapted with
permission from Wang et al. 2012, © 2012 National Academy of Sciences, USA). (E) Microelectrode array-based detection of NO release in
macrophages stimulated by a recombinant protective antigen (rPA) from Bacillus anthracis (top) based on successive differential pulse
voltammograms, showing that the addition of protective antigen induces a rise in oxidative current, abolished by the inducible NOS inhib-
itor 1400 W and (bottom) activation pathway leading to the release of NO from a macrophage after binding of the antigen to its membrane
receptor (adapted from Trouillon et al. 2012, © 2012 Elsevier).
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Figure 4 Reaction pathway leading to the oxidative stress release of reactive oxygen and nitrogen species in a mechanically-stimulated
macrophage, and quantification of the initial amounts of NO and O; released (adapted with permission from Amatore et al. 2006b, © 2006

Wiley-VCH).

cells (Chang et al., 2005). The release of O, was detected
with a cytochrome-c coated-gold electrode and NO detec-
tion with a NiTSPc/nafion-coated carbon electrode.

Electrochemistry has also been combined with micros-
copy. Pereira-Rodrigues and coworkers have designed a
24-well plate with 1 mm NiTSPc/nafion-coated carbon disk
electrodes located at the bottom of each well. Oxidative
nitrosation was observed witha DAF fluorescent probe. This
technique allowed for the simultaneous detection of intra-
cellular and extracellular NO levels (Pereira-Rodrigues
et al., 2005).

Amatore and coworkers used a three-electrode setup
to detect the release of RNS and ROS from macrophages
cultured in a microfluidic chamber. The release of RNS
and ROS was triggered by injecting a calcium ionophore
into the system and detected amperometrically with a
platinized electrode (Amatore et al., 2007). Similarly,
another fluidic setup, containing a gold-hexacyanoferrate-
coated electrode covered with a Teflon-based gas perme-
able membrane (Cha et al., 2010) enabled the detection
of the release of NO evoked by lipopolysaccharide from a
confluent layer of RAW 264.7 macrophages.

Recent developments

In the past three years, new innovations, such as chron-
oamperometry, and new applications, one of which has
helped to explain ancient customs, have expanded the
field of NO electrochemical sensing applied to immune
systems.

Traditionally, multiple analyte sensing involves the
use of multiple electrodes (i.e., at least one electrode for
each species detected). Recently, however, Amatore and
coworkers have proposed the use of chronoamperometry
to rapidly quantify different reactive species released from
a single macrophage with a single electrode (Amatore

et al., 2010a). In this setup, the electrode oxidation poten-
tial is rapidly switched, following a staircase waveform,
which allows for the chemical resolution of the RNS and
ROS mixture released. Relative temporal variations in the
levels these compounds were observed.

The simplicity of amperometric detection with a
platinized electrode has led to its use in several phar-
maceutical investigations aimed at unraveling oxidative
stress. This technique was used to elucidate the ancient
Egyptian customs of wearing thick eye makeup. The eye
makeup used in ancient Egypt contained non-natural lead
chloride, which was found to induce oxidative stress in
keratinocytes through the release of Pb* (Tapsoba et al.,
2009). It is believed that the high level of NO induced by
this eye makeup helped to prevent infection, bacteria pro-
liferation and illnesses related to the eyes.

Different pro- or antioxidant and azido-based drugs
were also tested. A drug used in cancer treatment,
B-lapachone, was tested in RAW 264.7 macrophages
(Ferreira et al., 2009). Although initially thought to show
only pro-oxidant properties, the antioxidant ability of
B-lapachone was observed, leading to a decrease in
the amount of NO released after short (i.e., less than an
hour) incubations. This sequence of antioxidant and pro-
oxidant activities was attributed to the initial chelation of
calcium followed by a redox cycling mediating electron
transfer to dissolved oxygen and forming radical species.

Artificial superoxide dismutases are potential can-
didates for curing diseases where hyperinflammation
occurs because of their ability to convert O; into hydrogen
peroxide. These compounds were also found to scavenge
peroxynitrite and sometimes NO to nitrite, thus remov-
ing these very reactive, toxic species and converting them
into less active compounds (Filipovic et al., 2010; Bernard
etal., 2012).

Finally, the pro-oxidant activity of azidothymidine
(AZT), a drug used in HIV treatment, was demonstrated
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in macrophages (Amatore et al., 2010b). This property was
found to be closely related to the presence of the free azide
terminal group, thus underlining the role of this azido
moiety in AZT-induced oxidative stress.

The use of nanoelectrodes for the detection of NO
inside a cell (intracellular detection) has recently been
reported and is shown in Figure 3D (Wang et al., 2012).
In this report, oxidative stress is measured inside and
outside the cell. Recessed platinum nanoelectrodes
were platinized under atomic force microscopic control.
These electrodes were positioned inside a macrophage.
The act of puncturing the macrophage triggered the oxi-
dative stress response. The intracellular response was
much shorter and less important than the extracellular
response. This suggests that when cytotoxic species leak
inside the cell, the cell rapidly eliminates them in order to
avoid damage.

Recently, microarrays have been used to investigate
the effect of a recombinant protective antigen from Bacil-
lus anthracis on macrophages (Trouillon et al., 2012).
It was found that this antigen induces NO release in a
dose-time-dependent manner and that the response is
mediated via the extracellular signal-regulated protein
kinases 1 and 2 and PI-3/Akt kinase pathways, after
binding of domain 4 of the antigen to the cell receptors
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